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Typically,moleculeswhich span the bilayer of biologicalmembranes
are characterized by an amphiphilic structure. For phospholipids and
transmembrane proteins as the main components of biological
membranes, fatty acyl chains and hydrophobic α helices or β barrel
structures, respectively, constitute the core hydrophobic region of the
membrane whereas lipid head groups and hydrophilic amino acids,
respectively, form the polar region that is exposed to the intra- and
extracellular solutions. Artiﬁcialmolecules which are aimed to be stably
inserted intomembranes have to have such an amphiphilic structure. In
the last years, amphiphilic molecular rods have been designed and
synthesized that gained interest for applications inmembrane research.
Molecular rods are syntheticmolecules,which are characterized by a
high rigidity and a large aspect ratio. They offer the opportunity toposition two functionalmoieties at a deﬁned distance apart and connect
themby amolecular structure of desired properties. Comparedwith the
above mentioned membrane associated biomolecules, the molecular
rods combine a high stiffness with a relatively low molecular weight.
A couple of different rods and their potential applications inmaterial
and in life sciences have been described [1–9]. For the former, rods have
been synthesized which are e.g. able to conduct and switch electrical
currents and which are designed for a use as molecular wires [4]. In life
sciences, rods have been used to mimic biological functions e.g. they
were applied as synthetic ion channels and pores in bilayer membranes
to mediate a speciﬁc transport of ions or electrons across membranes
[5,6,8,9]. For that the interaction and orientation of rods within lipid
membranes have been characterized [5,6].
We have recently described a new class of molecular rodswhich are
characterized by six-membered saturated rings joined in a spirocyclic
manner, and are called oligospiroketal (OSK) rods due to their periodic
ketal moieties [10,11]. Based on this work, we developed OSK rods,
which have a rather hydrophobic backbone, with different more or less
hydrophilic terminal functionalities. The modular synthetic strategy to
OSK rods allows creating a large variety of rods having different
properties with regard e.g. to length and amphiphilicity. Rods with
hydrophilic terminal groups were designed for their incorporation into
membranes in order to functionalize the membrane, e.g. by linking an
enzymatic activity covalently or noncovalently to the rods.
By using a ﬂuorescent rhodamine-labeled rod (RR), we could
recently demonstrate that these rods can be integrated into
membranes [12]. However, important properties of the membrane-
embedded rods as the orientation in the lipid bilayer and lateral
organisation remained unknown. Here, we present chemical strat-
egies for covalent attachment of different ﬂuorophores to the rods.
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orientated perpendicular to the membrane surface and enrich
preferentially in a liquid-disordered lipid environment.
2. Materials and methods
2.1. Synthesis
The chemicals and procedures for the synthesis of labeled rods are
described in the Supplementary data.
2.2. Materials
Cholesterol (Chol), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), N-stearoyl-D-
sphingomyelin (SSM), 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadia-
zol-4-yl)amino]-caproyl]-sn-glycero-3-phosphocholine (NBD-PC)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (N-Rh-DOPE) were purchased from Avanti
Polar Lipids (Alabaster, Alabama, USA). The spin labeled PC analog SL-
POPC was synthesized as described recently [13]. All other chemicals
were obtained from Sigma-Aldrich (Taufkirchen, Germany). HEPES
buffered salt solution (HBS) contained 10 mM HEPES and 145 mM
NaCl, pH 7.4. Stock solutions of rods were prepared for liposome
experiments. PR was dissolved in chloroform. NR was presolved with
a small quantity of DMF and ﬁnally dissolved in chloroform. RR was
presolved with a small quantity of DMSO and ﬁnally dissolved in
chloroform (for preparation of large unilamellar vesicles (LUVs)) or in
methanol:chloroform (1:1, v/v) (for preparation of giant unilamellar
vesicles (GUVs)).
2.3. Preparation of multilamellar vesicles (MLVs) and LUVs
Aliquots of lipids and rods in organic solution (at the concentrations
and compositions given in the text)were transferred to a glass tube, dried
under nitrogen and high vacuum and resuspended in a small volume of
ethanol (to resolve the lipid-rod ﬁlm from the glass tube) and HBS (ﬁnal
ethanol concentrationwas below1% (v/v)). For preparation ofMLVs, this
suspension was vigorously vortexed. To prepare LUVs, the suspension
was subjected to ﬁve freeze–thaw cycles followed by extrusion of the
lipid solution eleven times througha0.1 μmpolycarbonateﬁlter at 45 °C
(extruder from Avanti Polar Lipids, Alabaster, AL, ﬁlters from Costar,
Nucleopore, Tübingen, Germany).
2.4. Preparation of GUVs
GUVswere prepared by the electroformationmethodusing titanium
chambers [14,15]. Lipid mixtures were made from stock solutions in
chloroform. Finally, lipids (100 nmol, DOPC or DOPC:SSM:Chol, 1:1:1,
molar ratio) were dissolved in chloroform (50 μl) along with either
1 mol% of NBD-PC or N-Rh-DOPE as a marker for the liquid disordered
domains. For a reconstitution of the respective rod during GUV
formation the rod was added to the lipid solution. This solution was
spotted onto two hollowed titanium plates which were placed on a
heater plate at approx. 50 °C to facilitate solvent evaporation, and
subsequently put under high vacuum for at least 1 h for evaporation of
remaining traces of solvent. Lipid-coated plates were assembled using
one layer of Paraﬁlm for insulation [16]. The electroswelling chamber
was ﬁlled with 1 ml preheated sucrose buffer (250 mM sucrose, 15 mM
NaN3, and osmolarity of 280 mOsm/kg) and sealed with modeling clay.
An alternating electrical ﬁeld of 10 Hz rising from 0.02 V to 1.1 V in the
ﬁrst 30 min was applied for 2.5 h at 55 °C followed by 54 min of 4 Hz
and 1.3 V to detach the formed liposomes. For a subsequent incorpo-
ration of the rod, it was added to GUVs and incubated for approx. 1 h.
Finally, GUVswith reconstituted or subsequently incorporated rodweremixed to glucose buffer (250 mM glucose and 11.6 mM potassium
phosphate, pH 7.2) with an osmolarity of 300 mOsm/kg at a ratio of 1:1
to 1:2 for microscopy.
2.5. Preparation of red blood cell (RBC) ghosts
Citrate-stabilized blood samples of healthy donors were purchased
from the local blood bank (Berlin, Germany). RBC were washed twice
with HBS (10 min, 2000 g) at 4 °C. RBC ghosts were prepared
according to [17]. Rod was added to RBC ghosts from stock solution
of DMSO (RR) and DMF (NR), respectively.
2.6. Measurement of ﬂuorescence spectra
Fluorescence spectra were recorded using an Aminco Bowman
Series 2 spectroﬂuorometer (SLM-AMINCO, Rochester, NY) between
350 and 600 nm (λex=340 nm) (for PR), between 480 and 600 nm
(λex= 470 nm) (for NR) and between 560 and 650 nm
(λex=550 nm) (for RR) and slit width for excitation and emission
of 4 nm.
2.7. Measurement of ﬂuorescence lifetimes
Fluorescence lifetimes were measured using a FluoTime 200
(PicoQuant, Germany) or a Fluoromax 4 (Horiba Jobin Yvon, Germany).
Pyrene was excited with a NanoLED-250 (254 nm, repetition rate
1 MHz, Horiba Jobin Yvon, Germany) and emission was detected at
375 nm. NBDwas excitedwith a NanoLED-450 (447 nm, repetition rate
1 MHz, Horiba Jobin Yvon, Germany) and emission was detected at
523 nm. Rhodamine was excited with a pulsed laser diode (LDH-P-C,
PicoQuant, Germany) of 470 nm and a pulse frequency of 8 MHz and
emissionwas detected at 570 nm. Single photons were recordedwith a
time correlated single photon counting (TCSPC) setup and time
resolution was set to 33 ps. The spectral bandwidth was set to 4 nm in
all cases. Mean photon count rates were ~1–4×104 counts/s. The decay
curves were ﬁtted with one or two exponential terms and the average
lifetime τAVG was calculated as:
τAVG =
∑
n
i=1
αiτ
2
i
∑
n
i=1
αiτi
where τi is the lifetime of the component i and αi represents the
normalized pre-exponential coefﬁcient relative to the fraction of
molecules showing the decay time i.
2.8. Reduction of NBD ﬂuorescence by dithionite
POPC-LUVs were prepared in the presence of NR or NBD-PC. For
NBD-PC, the LUVs are symmetrically labeled, i.e. the ﬂuorescent lipid
analog is localized in both membrane leaﬂets. Labeled LUVs were
suspended in HBS (additionally containing 50 mM HEPES to keep the
pH constant after addition of dithionite). Final concentrations were
17 μM for POPC and 0.3 μM for NR or NBD-PC. For investigating the
incorporation of NR with preformed membranes, 5 mM POPC-MLVs
were incubated with 50 μM NR for 1 h at 20 °C. 100 μl of this solution
was washed twice with HBS (10 min, 13,000 g) to remove non-
incorporated NR. The ﬁnal pellet was suspended in 1.5 ml HBS
(additionally containing 50 mM HEPES). The ﬂuorescence of the NBD
moiety was monitored continuously (λex=470 nm, λem=540 nm;
slit width=4 nm for excitation and emission) at 4 °C. At time 0,
sodium dithionite was added from a freshly prepared 1 M stock
solution in 100 mM Tris (pH 10) to give a ﬁnal concentration of
25 mM. After 250 s, Triton X-100was added to a ﬁnal concentration of
0.5% (w/v), enabling access of the remaining analogs on the inner side
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ﬂuorescence.
2.9. Fluorescence microscopy
Confocal images of the equatorial plane of GUVs were taken with
an inverted confocal laser scanning microscope (FV1000, Olympus,
Hamburg, Germany) with a 60× (N.A. 1.35) oil-immersion objective
at room temperature. Rhodamine and NBD were excited with the
559 nm line of a HeNe laser and the 488 nm line of an Ar-ion laser
(Melles Girot, Bensheim, Germany), respectively. The emissions of
rhodamine and NBDwere recorded between 570 nm and 670 nm and
between 500 nm and 530 nm, respectively. Microscopy of RBC ghosts
was done in HBS.
2.10. EPR measurements
LUVs containing SL-POPC were transferred to 50 μl micropipettes
(Brand, Wertheim, Germany), sealed by modeling material and ﬁlled
into quartz capillaries (4 mm internal diameter, Bruker, Karlsruhe,
Germany). EPR spectra were recorded at an EMX spectrometer
(Bruker, Karlsruhe, Germany). For recording EPR spectra, the
following parameters were used: modulation amplitude, 1 G;
power, 20 mW; scan width, 100 G; accumulation, 4 times. To quantify
the mobility of SL-POPC, a correlation time of rotation was calculated
from the spectra [18,19].
3. Results
3.1. Structure of rods
The structureof the rods is characterized by six-membered saturated
rings joined in a spirocyclic manner (Fig. 1). Rods were terminally
functionalized with the ﬂuorophores pyrene, NBD or rhodamine giving
the respectively labeled rods PR,NRor RR (Fig. 1). For the latter two rodsFig. 1. Structure of rhodamine-labeled (RR), NBDﬂuorophores are linked to the rod backbone via a tetrapeptide. The
synthesis ofﬂuorescent rods is described in detail in the Supplementary
data.
3.2. Fluorescence properties of rods in different solvents
Fluorescence spectra of labeled rods were recorded in solvents of
different polarity as well as in micelles of Triton X-100 and in POPC
membranes (Fig. 2A, only shown for NR). From the spectra the
wavelengths of the ﬂuorescence maxima were determined (Fig. 2B–D).
For PR, the ﬂuorescence spectra reveal that the solvent polarity has a low
inﬂuence on theﬂuorescence properties of this rod (Fig. 1B). Likewise, the
ﬂuorescence maximum of PR in the presence of Triton X-100 or POPC is
similar to those in solvents. The ﬂuorescence spectrum of NR is shifted to
lowerwavelengthswhen the solventpolaritydecreases (Fig. 2C). In Triton
X-100 and in POPC, the ﬂuorescence maxima of NR were similar to that
recorded in methanol. The ﬂuorescence spectra of RR in solvents showed
only small shifts (Fig. 2D). In Triton X-100 and in POPC, the spectra of RR
were signiﬁcantly red-shiftedwith respect to those in solvents. Thesedata
indicate that theﬂuorescenceproperties at least those ofNR couldbeused
for estimating the environment of the ﬂuorescencemoietywith regard to
polarity.
For the differently labeled rods also the ﬂuorescence lifetimes
were measured. The average lifetime (τAVG) of PR was rather large in
the range of 17–19 ns, whereas it wasmuch lower for NR (4–7 ns) and
even lower for RR (2–3 ns). There was no clear tendency of the
lifetimes on the solvent polarity for all rods (data not shown).
However, changes of ﬂuorescence lifetimes can be used for measuring
Förster resonance energy transfer between ﬂuorophores to charac-
terize membrane incorporation as applied to RR [12].
3.3. Incorporation of rods into membranes
Fluorescent rods were mixed with varying amounts of eggPC before
preparation of MLVs. The ﬂuorescence spectra for MLV were recorded-labeled (NR) and pyrene-labeled (PR) rods.
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Fig. 2. Fluorescence of rods in solvents. Spectra of NR (0.25 μM, λex=470 nm) were
recorded at 20 °C in different solvents and in Triton X-100 (0.5 (v/v)) and POPC (10 μM)
(A). The intensity of each spectrum was normalized to the intensity of the respective
maximum. From ﬂuorescence spectra of labeled rods in different solvents, thewavelength
of the ﬂuorescence maximum (λmax) was determined for PR (B), NR (C) and RR (D).
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Fig 3. Fluorescenceof rods in lipidmembrane. PR (circles), NR(squares) andRR(triangles)
(each0.25 μM)weremixedwith different amounts of eggPC followedbyMLVpreparation.
From ﬂuorescence spectra (25 °C) the ﬂuorescence intensity was determined at 396 nm
(PR), at 530 nm (NR) and at 580 nm (RR). Intensities presented in dependence on the
molar ratio PC/rod were normalized to the largest value measured for the respective rod.
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measure for membrane incorporation of the rod (Fig. 3). By increasing
the lipid to rod ratio, ﬂuorescent rods could be insertedmore efﬁciently
into the lipid membrane. Maximum incorporation was achieved at a
ratio PC/rod of about 500 (PR), 100 (NR) and 250 (RR) showing that the
solubility of rods in lipid membranes is low. We surmise that the
comparatively lower solubility of PR is due to its larger hydrophobicitywhich prevents an efﬁcient incorporation of this rod into membranes
during vesicle preparation. The incorporation of rods into lipid
membranes was veriﬁed by detecting RR and NR in GUVs using
ﬂuorescence microscopy (images not shown, [12]).
Next, it was investigated whether rods also are incorporated into
preformed membranes. For that, RR and NR were mixed with DOPC-
GUVs or RBC ghosts and detected via ﬂuorescencemicroscopy (Fig. 4).
The images show that RR and NR do incorporate also into preformed
lipid and biological membranes. Note, to obtain a reasonable degree of
labeling, vesicles or ghosts had to be incubated comparatively long
times with the respective rod.
3.4. Orientation of rods within lipid bilayers
Two principle orientations of rods within the membrane have to be
considered, (i) perpendicular to the membrane surface with one
terminal group facing the intravesicular and the opposite facing the
extravesicular lumen of the vesicles and (ii) parallel to the membrane
surface with both terminal groups oriented to the same aqueous
compartment. To investigate how rods are embedded in themembrane
two different approaches were employed. For PR, the rod was
incorporated into POPC-LUVs and the ﬂuorescence decrease was
measured upon addition of the water-soluble ﬂuorescence quencher
KI. For increasing KI concentration, the data shown in Fig. 5A reveal two
components of ﬂuorescence decrease having different slopes with a
crossing point at about 0.5. This quenching curve shows that at low KI
concentrations up to about 50% of ﬂuorescence moieties are quenched.
The rhodamine moiety of the RR is hardly quenched by iodine ions, but
can be quenched by cobalt ions [20]. However, cobalt ions rather easily
penetrate the membrane of lipid vesicles preventing their application
for the present purpose [20]. Therefore, we could not investigate the
arrangement of RR in lipid bilayer with this quenching assay.
For NR, an approach was used which has originally been developed
for determining the transbilayer lipid ﬂip-ﬂop and distribution of NBD
labeled lipids in membranes [21,22]. The method is based on the
treatment of membranes containing NBD labeled lipids with dithionite
which reacts with the NBDmoiety resulting in a non-ﬂuorescent amine.
Treating LUVs which have the ﬂuorescent analogs on both membrane
leaﬂets with dithionite, NBD moieties localized on the extravesicular
membrane leaﬂet are selectively reduced provided that analog ﬂip-ﬂop
and dithionite permeation are slow. This assay was applied for NR, in
that the rod was incorporated into POPC membranes during LUV
preparation and thedecrease ofﬂuorescenceuponaddition of dithionite
was recorded (Fig. 5B). For comparison, the ﬂuorescence decline of
POPC-LUVs labeled on both membrane leaﬂets with ﬂuorescent lipid
analog NBD-PC was measured. For NR, upon addition of dithionite NBD
Fig. 4. Incorporation of rods into lipid and biological membranes. RR (A, C) or NR (B, D)
were incubatedwith DOPC-GUVs (A, B) for 1 h or RBC ghosts (C, D) for about 24 h at 25 °C
and, subsequently observed with ﬂuorescence microscopy. Bar corresponds to 5 μm.
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and subsequently ﬂuorescence declined very slowly. The ﬁrst compo-
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Fig. 5. A. Quenching of PR ﬂuorescence in lipid membrane. Fluorescence spectra of LUVs
(0.3 μM PR and 170 μM POPC) were recorded upon addition of KI at 35 °C. Fluorescence
intensities at 396 nm were related to the intensity in the absence of KI. B. Quenching of NR
ﬂuorescence in lipidmembrane. The timedependentﬂuorescenceof LUVs consistingof POPC
andNR (A) or NBD-PC (B) or ofMLVs incubatedwith NR for 1 h at 20 °C (C)was recorded at
4 °C. At time 0, dithionite was added (ﬁnal concentration 25 mM). Fluorescence intensities
were normalized to those recorded before addition of dithionite.whereas theﬂuorescence plateau reﬂects thoseNBDmoietieswhich are
less accessible todithionitedue to their localizationon the intravesicular
leaﬂet. Additionally, this stableplateau indicates a very slowpermeation
of dithionite across the lipid membrane. For NBD-PC, the ﬂuorescence
also decreased upon addition of dithionite to a plateau value of about
40% reﬂecting the presence of the analog on both leaﬂets [21]. However,
in contrast to NR the initial ﬂuorescence decline of NBD-PC was much
slower. To quantify this difference, both curves were ﬁtted to a bi-
exponential equation yielding rate constants for the rapid ﬂuorescence
decline of 0.31 s−1 and 0.03 s−1 for NR and NBD-PC, respectively.
Notably, the rate constants of the slow decrease were very similar,
0.0011 s−1 and 0.0015 s−1 for NR and NBD-PC, respectively.
So far, our results could still be compatible with an association of
the membrane surface on bilayers, but not necessarily with a bilayer
spanning orientation. In order to provide conclusive evidence for the
latter, NR labeled LUVs treatedwith dithionite were subjected tomass
spectrometry to analyze reacted NR, i.e. whether both, one or none of
the two NBD moieties were reduced. We found that after dithionite
treatment, the amount of non-reacted NR decreased concomitant
with the appearance of rods with one reduced NBD moiety whereas
only a very small fraction (being at the detection limit of the method)
of rods with two reduced moieties appeared (see Supplementary
data).
The dithionite assay was also applied to NR mixed with preformed
membranes. For that, POPC-MLVs were incubated with NR for 1 h at
20 °C. After washing MLVs to remove non-incorporated NR, the
vesicles showed a signiﬁcant NBD ﬂuorescence intensity (not shown)
underlining that NR was associated with the vesicles. The reduction
curve upon addition of dithionite was similar to that of LUVs with NR
added during vesicle preparation (Fig. 5B). Note, that the slope of the
second compartment reﬂecting the reduction of NBD moieties on the
intravesicular leaﬂet was somewhat steeper forMLVs probably caused
by some increased dithionite permeation across these membranes.
These results provide additional evidence for a bilayer spanning
orientation of rods.
3.5. Dynamics of rods in membranes
In one approach, ﬂuorescence intensity of PR at 396 nm (FI396 nm)
was measured in DPPC-LUVs. Pyrene ﬂuorescence is sensitive to the
lateral diffusion of the ﬂuorophore allowing to follow the lateral
mobility of PR [23]. DPPC membranes undergo a temperature
dependent phase transition with a drastic increase of lipid mobility
at the phase transition temperature of 41 °C. The temperature
dependence of FI396 nm given in Fig. 6A shows a sharp decrease of
ﬂuorescence at about 40 °C indicating a signiﬁcant increase of lateral
movement of PR at this temperature. In contrast, FI396 nm of POPC-
LUVs having a phase transition at about −3 °C decreases linearly
between 25 °C and 45 °C (Fig. 6A).
In another approach, it was investigated whether rods inﬂuence
the mobility of POPC. For that, the rotational mobility of SL-POPC in
the absence and in the presence of RR was measured at different
temperatures. We recently have shown that this analog appropriately
assesses the dynamics of POPC in membranes [13]. As obvious from
Fig. 6B, the presence of RR in the membrane has no impact on the
rotational mobility of POPC.
3.6. Lateral distribution of rods in lipid membranes
The ﬂuorescence microscopy images of RR or NR in DOPC-GUVs,
either added during (images not shown) or after preparation of the
vesicles (see Fig. 4A and B), reﬂect a homogenous lateral distribution
of the rods. As known biological membranes form lipid domains, so
called rafts. Those liquid-ordered domains are enriched in cholesterol
and saturated phospho- and/or glycolipids [24]. To study the lipid
domain partition of rods, the lateral arrangement of RR and NR was
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Fig. 6. A. Inﬂuence of temperature on ﬂuorescence of PR in lipid membranes.
Fluorescence intensities at 396 nm were evaluated from spectra of PR/POPC-LUVs
(squares) and PR/DPPC-LUVs (circles) (80 μM lipid, 0.8 μM PR). B. Inﬂuence of RR on
lipid mobility. The EPR spectra of LUVs consisting of POPC (5 mM) and SL-POPC
(0.5 mol%) in the absence (circles) or in the presence (squares) of 50 μM RR were
recorded at different temperatures. From the spectra, the rotational correlation time (τ)
was determined.
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(1:1:1, molar ratio), a lipid composition which is known to form
liquid-ordered and liquid-disordered domains [25]. Again, the rods
were added either during or after the GUV preparation. In parallel,
GUV membranes were labeled with the liquid-disordered domain
markers NBD-PC in GUV preparations with RR and N-Rh-DOPE in
preparations with NR, respectively. Both ﬂuorescent lipid analogs
distribute preferentially into liquid-disordered domains [25,26].
Coalescence of the rods with the respective disordered domain
markers clearly indicate the preferential sorting of the rods to the
liquid-disordered domains of the GUV membranes (Fig. 7).
4. Discussion
The present study characterizes the interaction of a recently
described new class of molecular rods [10,11] with lipid and biological
membranes. While we have already previously demonstrated that RR
incorporates into lipid and biological membranes [12], we now show
that rods (i) bearing different ﬂuorescence moieties also incorporate
into lipid and RBC membranes, (ii) accumulate in liquid disordered
domains, (iii) span the bilayer and (iv) do not disturb membrane
structure and dynamics. Therefore, those rods are suitable for several
applications in membrane research (see below).
Rods incorporate into membranes added either during vesicle
preparation or to preformed lipid or biological membranes, which
were detected by ﬂuorescence spectroscopy and microscopy. With
regard to the transbilayer topology of membrane embedding, several
results indicate an orientation of rods perpendicular to the membrane
surface positioning one end to the intra- and the other end to the extra-
vesicular aqueous environment. Note, that this orientation must notnecessarily be perpendicular to themembrane surface but could also be
a tilted but still bilayer spanning arrangement. First, comparing the
ﬂuorescence spectra of NR and RR in lipid membranes with those in
different solvents indicates a localization of the ﬂuorescence moiety of
these rods in the polar head group region of the lipid bilayer. Second, for
PR successive addition of KI causes a biphasic decrease of pyrene
ﬂuorescence suggesting the quenching of pyrene moieties localized on
the outer leaﬂet at low KI concentrations. At higher KI concentrations
also the ﬂuorophores on the inner leaﬂet are quenched probably caused
by the permeation of KI across the lipidmembrane. Third, the dithionite
assay shows that only a part of the NBD moieties of NR either added
during or after membrane preparation is rapidly reduced by dithionite
similar to vesicles labeled with NBD-PC. This fraction reﬂects the
ﬂuorescent groups on the extravesicular membrane leaﬂet. The other
NBD moieties are localized on the inner leaﬂet and, therefore, less
accessible to dithionite. Notably, the initial ﬂuorescence decrease was
much faster for NR than for NBD-PC indicating a better accessibility of
dithionite to theNBDgroupofNR. For thePCanalog, it couldbeexpected
that theNBDmoiety is localized in the hydrophobicmembrane core due
to its linkage to a fatty acyl chain. However, it has been shown that the
polar properties of the NBD group cause a back looping of the fatty acyl
chain positioning the NBD moiety toward the membrane surface
[27,28]. The differences in reduction kinetics between NR and NBD-PC
indicate a more exposed localization of the NBD group of NR to the
aqueous medium. Fourth and most convincing, mass spectrometric
analysis of NR-labeled LUVs after dithionite treatment revealed
essentially the appearance of rods with one reduced NBD moiety and
not of completely reduced rods showing that solely NBDmoieties faced
to the extravesicular lumen had reactedwith dithionite and underlining
the bilayer spanning orientation of the rods.
We have no indications that at our conditions the presence of rods
in the membrane disturbs membrane structure and dynamics. First,
treating NR labeled LUVs with dithionite after a rapid reduction of
ﬂuorescence the remaining ﬂuorescence decreases very slowly
indicating a slow permeation of dithionite across the membrane
similar to that observed in NBD-PC labeled vesicles. An increase of this
permeation would be a strong indication for perturbation of
membrane structure e.g. observed upon insertion of peptides into
membranes [29,30]. Second, the pyrene moiety of PR reﬂects the
temperature dependent phase behaviour of DPPC membranes as
revealed by the signiﬁcant increase of its lateral diffusion at the phase
transition temperature of DPPC. Third, presence of RR in POPC
membranes does not inﬂuence the dynamics of a spin-labeled POPC
analog. Of course, although we did not observe any impact of rods on
membrane structure and dynamics, this might be different at higher
membrane concentrations of rods. However, membrane active
molecules like various cytotoxic and antimicrobial peptides may
disturb membrane integrity even at very low concentrations (for
reviews see [31,32]).
In lipid membranes consisting of liquid-ordered and liquid-
disordered domains, rods preferentially sort to the latter. Future studies
will investigate which of the structural features of rods as their OSK
backbone, their (hydrophobic) length and/or the structure of the
terminal groups cause the speciﬁc lateral distribution found here.
Changing the rod length by changing the number of rings in the OSK
structuremightmodify their lateral distribution. For integralmembrane
proteins it is believed that the length of the hydrophobic transmem-
brane anchor inﬂuences their partition between lipid domains [33,34].
However, for single transmembrane peptides in a model membrane
system this sorting mechanism is controversially discussed since
hydrophobicmatching alone does not seem sufﬁcient to direct peptides
to liquid-ordered domains [33–36]. Here, bilayer properties like the
higher bilayer compressibility and tighter lipid packing within the
liquid-ordered domain seem toprevent partitioningof peptides to these
domains [25,35,36]. Similar to hydrophobic transmembrane peptides,
rods with their rigid structure and rather bulky butyl groups at the rod
Fig. 7. Lateral distribution of rods in lipid membranes. GUVs were prepared containing DOPC/SSM/Chol (1:1:1, molar ratio) and NBD-PC (1 mol%) or N-Rh-DOPE (both 1 mol%) as
markers that sort preferentially into liquid disordered domains. RR or NR (both 1 mol%) was reconstituted into these GUVs either during formation of GUVs (A, C) or added after GUV
formation (B, D). A and B show rhodamine ﬂuorescence of RR (left), NBD ﬂuorescence of NBD-PC (mid) and the overlay of both (right). C and D show NBD ﬂuorescence of NR (left),
rhodamine ﬂuorescence of N-Rh-DOPE (mid) and the overlay of both (right). Bar corresponds to 5 μm.
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ordered domain having a higher cohesive energy [34].
5. Conclusions
The ﬂuorescent rods described in the present study allow the
application of a couple of ﬂuorescence techniques part of them already
used here. In future studies these rods might be used to functionalize
membranes with bioactive molecules e.g. with enzymes or to cover
themembranes with ligands recognizing speciﬁc target cells in order
to trigger speciﬁc interactions between different membranes. A
functionalization of a membrane surface could also be achieved by
binding the respectivemolecule to lipids [37–42] or to peptide sequences
derived from transmembrane domains of integral membrane proteins.
However, coupling large hydrophilic molecules to membrane embeddedlipids may not provide a stable association of the functional group at the
membrane as lipids are solely anchored within one monolayer of the
membrane bilayer. Likewise, biochemical degradation of peptides leads
to release of function from the membrane surface. Therefore, molecular
rods are an alternative membrane anchor. The advantages of using rods
are, (i) their straightforwardandﬂexiblepreparation, (ii) theopportunity
to synthesize a large variety of structures e.g. with regard to length and
rigidity, (iii) their highconformational rigidity, (iv) their stable anchorage
in the membrane by spanning the whole membrane and (v) their
stability toward enzymatic degradation.
Our results underline that the rods presented here can be used as
stable membrane anchors for the functionalization of membrane
surfaces. The ability to incorporate rods into lipid vesicles as well as
RBCmembranes shows that this approach is applicable for lipidmodel
membranes as well as for biological membranes.
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